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Oscillations in intracellular calcium levels control a
plethora of physiological processes, but how they
are decoded by a cell remains unclear. In a recent
study, advances in FRET technology have been used
to describe how calcium oscillations are decoded
through phase-locked oscillations in substrate
phosphorylation catalysed by protein kinase C.
The idea that receptor stimulation of a cell can induce
oscillations in intracellular free calcium ([Ca2+]i) [1] was
first put forward in the early 1970s [2], and it is now
some 25 years since Peter Cobbold and colleagues [3]
observed that receptor-mediated elevation of [Ca2+]i
occurs as a series of repetitive oscillations or spikes
that increase their frequency with the amplitude of the
receptor stimuli [3]. This seminal work was driven in
part by technology, in particular the ability to rapidly
image [Ca2+]i in single living cells during receptor stim-
ulation. In subsequent years, the mechanisms by which
cells generate [Ca2+]i oscillations have been established
[1]. But although the frequency of [Ca2+]i oscillations is
critical for the induction of selective cellular functions
[4–8], we still have little understanding of how cells
actually decode the information contained within oscil-
lations into changes in cell physiology. 
Our naivety on this issue has stemmed from the
nature of [Ca2+]i oscillations. It is virtually impossible 
to generate a population of cells that undergo
synchronous [Ca2+]i oscillations following receptor acti-
vation. Deriving biochemical data on the coupling of
[Ca2+]i oscillations to downstream signalling is therefore
extremely difficult. One obvious way to overcome this
is to assay the effects of [Ca2+]i oscillations on down-
stream signalling in an individual cell. Using a fluores-
cent resonance energy transfer (FRET)-based
approach, Violin et al. [9] have now described how, in
single living cells, [Ca2+]i oscillations induce phase-
locked oscillations in substrate phosphorylation catal-
ysed by protein kinase C (PKC). 
PKC is one of the most extensively studied enzymes
in cell signalling [10]. PKCs have been classified into
four categories: conventional (α, βI, βII and γ), novel (δ,
ε, η and θ), atypical (ζ and λ), and protein kinase C-
related kinases (PRKs) [10]. There are three ways in
which the enzymatic activity of PKC can be controlled:
by phosphorylation, lipid-mediated membrane
association or protein–protein interactions [11]. For
conventional and novel PKCs, membrane targeting is
regulated by their C1 and C2 domains, which bind
diacylglycerol (DAG) and Ca2+, respectively [10,11]. In
the case of conventional PKCs, regulation is through
DAG and Ca2+. In contrast, novel PKCs are regulated
by DAG but in a Ca2+-independent manner; these
proteins lack a Ca2+-binding C2 domain [11].
In the absence of receptor-mediated lipid hydrolysis,
PKC isozymes are, in most cases, cytosolic and
autoinhibited by the binding of a pseudosubstrate
motif to the substrate-binding site [10,11]. Receptor-
mediated generation of DAG and elevation in [Ca2+]i
result in the membrane recruitment of conventional
PKC molecules through the Ca2+-mediated binding of
anionic lipids to the C2 domain and DAG to the C1
domain [10,11]. Once fully membrane associated, the
pseudosubstrate motif is released, allowing substrate
binding and phosphorylation [11]. 
The advent of technology based on the use of the
green fluorescent protein (GFP) has shown that
conventional PKC isozymes undergo oscillatory
plasma membrane associations which are phase-
locked with the underlying receptor-mediated
oscillations in [Ca2+]i [7,9,12–16]. But although each
oscillatory membrane association may lead to a burst
of PKC activity, it is not known if PKC-mediated
phosphorylation and the accompanying phosphatase
activity are sufficiently rapid to generate pulses of sub-
strate phosphorylation during each individual [Ca2+]i
oscillation, or whether, as the frequency of [Ca2+]i
oscillations increases, an incremental rise in substrate
phosphorylation occurs. It is this specific point that has
been addressed by Violin et al. [9]. 
A number of studies have shown that FRET
reporters are useful tools with which to probe kinase-
mediated phosphorylation in living cells [17–19]. Violin
et al. [9] constructed a chimeric protein termed C
kinase activity reporter (CKAR), which reports
phosphorylation driven by PKC (Figure 1) [9]. CKAR
consists of two GFP variants, monomeric CFP (mCFP)
and monomeric YFP (mYFP), either side of a PKC
substrate sequence tethered to a phosphothreonine-
binding domain, FHA2, from the yeast checkpoint
protein Rad53p [9]. Upon phosphorylation of the
substrate sequence by PKC, the phosphothreonine
binds to the FHA2 domain, with a modest 10 µM affin-
ity, thereby inducing a conformational change that
alters the amount of FRET from CFP to YFP.
Examination of the emission spectra of CKAR
showed that there is a decrease in YFP emission
(528 nm) and a concomitant rise in CFP emission
(476 nm) upon phosphorylation specifically by PKC.
This is rather counterintuitive, as one may have
predicted that the intramolecular clamp would have led
to enhanced FRET. But regardless of this, specific
phosphorylation of CKAR by PKC results in a decrease
in the FRET signal; neither calmodulin-dependent
protein kinase II (CaMKII) nor cAMP-dependent protein
kinase (PKA) phosphorylate CKAR [9]. 
To examine whether CKAR also reports PKC
activation in living cells, Violin et al. [9] challenged
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CKAR-expressing MDCK cells with phorbol dibutyrate
(PDBu), an activator of PKC [9]. This treatment resulted
in a decrease in FRET that was rapidly reversed by
addition of the specific PKC inhibitor Gö6983. Similar
decreases in FRET were not observed upon activation
of PKA or CaMKII [9]. Thus, CKAR detects activation of
PKC, but not activation of PKA or CaMKII, in live cells. 
To examine receptor-mediated activation of endoge-
nous PKC, Violin et al. [9] reasoned that, as the activity
of PKC is highest at membranes [11], a membrane-
targeted form of CKAR may well be a better substrate
[9]. To achieve this, the amino terminus of Lyn kinase,
which contains signals for myristoylation and palmi-
toylation, was coupled to CKAR [9]. In HeLa cells
expressing this construct, MyrPalm-CKAR, stimulation
with histamine revealed a series of sustained transient
phosphorylations [9]. Each individual spike of phos-
phorylation occurred with a rapid rise and slower
decline, kinetics which are consistent with an initial
burst of kinase activity followed by a decline back to
baseline, governed by the steady-state defined by the
kinase and phosphatase activities. 
Simultaneous imaging revealed that each oscillation
in MyrPalm-CKAR phosphorylation occurred in phase
with an underlying [Ca2+]i spike, although the
phosphorylation was shifted by approximately 10–15
seconds behind the [Ca2+]i oscillation [9]. For such
dynamic pulses of phosphorylation, one would predict
that the activity of PKC must be rapidly and efficiently
transferred to substrate phosphorylation and dephos-
phorylation by a close coupling of PKC and phos-
phatases. Consistent with this, cytosolic CKAR did not
respond in an oscillatory manner within cells under-
going repetitive [Ca2+]i oscillations. The tight coupling
of PKC, phosphatase and substrate thus appears to
be achieved efficiently only on membranes. Such a
conclusion is consistent with the growing evidence
that scaffold proteins may tether both a phosphatase
and kinase in the same signalling complex [20]. 
Crucially, does the oscillatory burst of PKC substrate
phosphorylation reflect the Ca2+-controlled membrane
association of PKC? Other studies suggest that this
may be the case [7,12–16]. Indeed, Violin et al. [9] show
that, in HeLa cells expressing a FRET reporter for the
membrane association of PKCβII, histamine stimulation
induces an oscillatory plasma membrane association
that occurs in phase with the underlying [Ca2+]i oscilla-
tions [9]. Each [Ca2+]i oscillation therefore induces the
transient plasma membrane association of PKC, which
leads to a transient burst in substrate phosphorylation. 
What about the other regulator of PKC activity,
DAG? In MDCK cells expressing a FRET reporter for
DAG production, ATP stimulation induced oscillatory
elevations in DAG that were phase locked with the
[Ca2+]i oscillations. In contrast, histamine stimulation
of HeLa cells did not evoke oscillations in DAG
production, rather a sustained elevation was observed
(in this case, DAG production was monitored indirectly
by observing the activity of PLC [9]). So although his-
tamine stimulation of HeLa cells and ATP stimulation
of MDCK cells induce oscillations in PKC substrate
phosphorylation that are phase locked with the under-
lying [Ca2+]i oscillations, they may represent distinct
modes by which DAG can regulate PKC activity.
From these results Violin et al. [9] propose a
slightly revised model for the molecular control of
PKC activity by Ca2+ and DAG [9]. They suggest that
the loss of any one of the membrane anchors — for
example, as Ca2+ returns to basal levels in between
oscillations — results in PKC regaining the autoin-
hibited conformation. This pause in PKC activity
allows the dephosphorylation of substrate to domi-
nate. Elevation of [Ca2+]i allows the C2 domain to
interact with the membrane, releasing the pseudo-
substrate motif and thereby allowing renewed phos-
phorylation. In other words, it is the alteration in the
equilibrium of pseudosubstrate binding to the sub-
strate-binding site that drives the oscillatory activity
of PKC. Such a mechanism is clearly governed by
the engagement of the C1 and C2 domains with the
plasma membrane: an association that is driven by
DAG and Ca2+. 
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Figure 1. The molecular organisation of
CKAR, a FRET reporter of PKC
activation.
CKAR consists of two GFP variants,
monomeric CFP and monomeric YFP,
either side of a PKC substrate sequence
tethered to a phosphothreonine-binding
domain, FHA2. Upon phosphorylation of
the substrate sequence by PKC, the
phosphothreonine binds to the FHA2
domain, thereby inducing a conforma-
tional change that alters the amount of
FRET from CFP to YFP. In this case,
somewhat unexpectedly, a decrease in
YFP emission (528 nm) and a concomitant
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Thus, one can envisage how PKC can function as
a coincidence detector that is controlled by the
dynamics of the individual second messenger. In the
case of histamine stimulation of HeLa cells, it is
oscillations in Ca2+ rather than DAG that dictate the
allosteric regulation of PKC, whereas for ATP stimu-
lation of MDCK, Ca2+ and DAG oscillate together.
Such precise control of PKC activity is likely to be of
critical importance in decoding the information con-
tained within [Ca2+]i oscillations into changes in cel-
lular physiology.
Finally, it is worth considering the Ca2+-mediated
regulation of PKC in the context of how [Ca2+]i oscilla-
tions regulate another major Ca2+-regulated protein
kinase, CaMKII [8]. Here, as the frequency of [Ca2+]i
oscillations increase, CaMKII does not fully deactivate
between oscillations [8]. This means that, as the
frequency of [Ca2+]i oscillations increases, the overall
activity of this enzyme rises [8]. From the data of Violin
et al. [9], this does not appear to be the case for PKC.
At the oscillatory frequency used in their study, each
individual [Ca2+]i oscillation elicits a discrete pulse of
PKC substrate phosphorylation [9]. 
Clearly there are a number of limitations in using the
CKAR reporter, not least that the PKC substrate is
artificial. The results do, however, suggest a
fundamental difference in how [Ca2+]i oscillations are
decoded through PKC and CaMKII. Obviously, to
achieve a clearer picture of how [Ca2+]i oscillations
couple to the regulation of downstream PKC-
mediated signalling, it will be crucial to assay the
phosphorylation state of physiologically relevant
substrates within single cells. As advances in imaging
technology were crucial in the pioneering work of
Peter Cobbold and colleagues [3], so the designing of
the relevant single cell reporters will be crucial if we
are to finally appreciate how at the molecular level
cells actually decode [Ca2+]i oscillations.
References
1. Bootman, M.D., Lipp, P., and Berridge, M.J. (2001). The organisa-
tion and functions of local calcium signals. J. Cell Sci. 114, 2213-
2222.
2. Berridge, M.J., and Prince, W.T. (1972). Transepithelial potential
changes during stimulation of isolated salivary glands with 5-
hydroxytryptamine and cyclic AMP. J. Exp. Biol. 56, 139-153.
3. Woods, N.M., Cuthbertson, K.S.R., and Cobbold, P.H. (1986).
Repetitive transient rises in cytoplasmic free Ca2+ in hormone-stim-
ulated hepatocytes. Nature 319, 600-602.
4. Hajnoczky, G., Robb-Caspers, L.D., Seitz, M.B., and Thomas, A.P.
(1995). Decoding of cytosolic calcium oscillations in the mitochon-
dria. Cell 82, 415-424.
5. Li, W.H., Llopis, J., Whitney, M., Zlokarnik, G., and Tsien, R.Y.
(1998). Cell-permeant caged IP3 ester shows that calcium spike fre-
quency can optimise gene expression. Nature 392, 936-941.
6. Dolmetsch, R.E., Xu, K., and Lewis, R.S. (1998). Calcium oscillations
increase the efficiency and specificity of gene expression. Nature
392, 933-936.
7. Oancea, E., and Meyer, T. (1998). Protein kinase C as a molecular
machine for decoding calcium and diacylglycerol. Cell 95, 307-318.
8. DeKoninck, P., and Schulman, H. (1998). Sensitivity of CaM kinase
II to frequency of calcium oscillations. Science 279, 227-230.
9. Violin, J.D., Zhang, J., Tsien, R.Y., and Newton, A.C. (2003). A genet-
ically encoded fluorescent protein reveals oscillatory phosphoryla-
tion by protein kinase C. J. Cell Biol. 161, 899-909.
10. Mellor, H., and Parker, P.J. (1998). The extended protein kinase C
superfamily. Biochem. J. 332, 281-292.
11. Newton, A.C. (2002). Regulation of the ABC kinases by phosphory-
lation: protein kinase C as a paradigm. Biochem. J. 370, 361-371.
12. Sakai, N., Sasaki, K., Ikegaki, N., Shirai, Y., Ono, Y., and Saito, N.
(1997). Direct visualisation of the translocation of the γ-subspecies
of protein kinase C in living cells using fusion proteins with green
fluorescent protein. J. Cell Biol. 139, 1465-1476.
13. Oancea, E., Teruel, M.N., Quest, A.F., and Meyer, T. (1998). Green
fluorescent protein-tagged cysteine-rich domains from protein
kinase C as fluorescent indicators for diacyglycerol signalling in
living cells. J. Cell Biol. 140, 485-498.
14. Codazzi, F., Teruel, M.N., and Meyer, T. (2001). Control of astrocyte
Ca2+ oscillations and waves by oscillating translocation and activa-
tion of protein kinase C. Curr. Biol. 11, 1089-1097.
15. Tanimur, A., Nezu, A., Morita, T., Hashimoto, N., and Tojyo, Y.
(2002). Interplay between Ca2+, diacylgylcerol, and phosphorylation
in the spatial and temporal regulation of PKCa-GFP. J. Biol. Chem.
277, 29054-29062.
16. Mogami, H., Zhang, H., Suzuki, Y., Urano, T., Saito, N., Kojima, I.,
and Petersen, O.H. (2003). Decoding of short-lived Ca2+ influx
signals into long term substrate phosphorylation through activation
of two distinct classes of protein kinase C. J. Biol. Chem. 278, 9896-
9904.
17. Ting, A.Y., Kain, K.H., Klemke, R.L., and Tsien, R.Y. (2001). Geneti-
cally encoded fluorescent reporters of protein tyrosine kinase activ-
ities in living cells. Proc. Natl. Acad. Sci. USA 98, 15003-15008.
18. Zhang, J.Y., Ma, Y., Taylor, S.S., and Tsien, R.Y. (2001). Genetically
encoded reporters of protein kinase A activity reveal impact of sub-
strate tethering. Proc. Natl. Acad. Sci. USA 98, 14997-15002.
19. Sato, M., Ozawa, T., Inukai, K., Asano, T., and Umezawa, Y. (2002).
Fluorescent indicators for imaging protein phosphorylation in single
living cells. Nat. Biotechnol. 20, 287-294. 
20. Bauman, A.L., and Scott, J.D. (2002). Kinase- and phosphatase-
anchoring proteins: harnessing the dynamic duo. Nat. Cell Biol. 4,
E203-E206.
Current Biology
R701
